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ABSTRACT 
The need for energy saving and reduction of gas emissions makes Process Integration 
an attractive technology to improve energy efficiency in grassroot and retrofit designs. 
One very important field for energy improvement is the heat exchanger network retrofit 
projects, in which to maximise the existing heat recovery and at the same time keeping 
the payback time as short as possible. 
In this dissertation, retrofit Heat Exchanger Network design procedure for crude oil 
distillation unit is presented. The heat exchanger network ofindonesia's oil refinery is 
studied to improve the energy recovery and performance in the existing network. 
The HEN analysis begins with the data extraction from existing network. Data of 
heating and cooling requirement of the process are obtained from simulation and from 
the process plant. Cost and economic data required for the analysis is specified. 
From thermodynamic data obtained from extraction, composite curve is set. From the 
composite curve, scope of energy recovery can be determined. Pinch analysis than can 
be carried out base on economic data. By using incremental area efficiency, target for 
network design can be set. The minimum approach temperature, which is set from 
targeting, is used for retrofit design using network pinch method. Set of modification is 
carried out in SPRINT, UMIST software, to increase energy recovery of the process. 
The set of modification are then optimised in SRINT. The design options are compared 
and evaluated and the retrofit design is suggested. 
The suggested modification has reduced of energy at about 39% with the payback 
period of 6 months. The modification gives the annual total saving of 336,705 $/y with 
159,167$. 
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Chapter 1 Introduction 
General Introduction 
Process Integration, which is study of the whole process design, is an important concept 
for design engineer. It is extensively applied world wide for energy efficiency (Smith, 
1995]. In a typical chemical plant or refinery, a large number of process streams are 
heated and cooled. To minimise utility demand, these process can be run against one 
another to achieve the same heating requirement. The objective is maximizing process-
to-process heat recovery and reducing the external utility loads. Pinch Technology 
offers methodology to achieve this objective. 
Pinch Technology plays important role in Process Integration. It is represent a new set 
of thermodynamically based methods that minimise energy levels in design of heat 
exchanger networks. Pinch Analysis is used to identify energy cost and heat exchanger 
network (HEN) capital cost targets for a process and recognizing the pinch point. The 
procedure first predicts, ahead of design, the minimum requirements of external energy, 
network area, and the number of units for a given process at the pinch point. Next a heat 
exchanger network design that satisfies these targets is produced. Finally the network 
design is optimised by comparing energy cost and the capital cost of the network so that 
the total annual cost is minimized. Hence, the prime objective is to obtain the maximum 
heat recovery in order to reduce the cost of utilities used to achieve financial savings. 
In this dissertation, Pinch Technology and Retrofit Analysis are applied to the existing 
heat exchanger network in CDU plant. This is to give the energy and capital cost 
savings to the conventional plant design. 
1.2 Background of Crude Distillation unit 
Crude distillation is energy intensive, which consumes at the equivalent of 2% of the 
crude process [Liebmann, 1998]. A significant proportion of the energy requirement of 
the column is met by heat recovery, with the remainder provided by the utility system. 
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A conventional crude oil distillation column (Figure 1.1) consists of a main tower with 
side-strippers. The crude oil fed to the distillation tower usually from storage at ambient 
temperature. It is preheated in heat exchanger network or preheated train before it is 
heated in a furnace. In the preheat train, heat is transfer from hot process stream such as 
residue stream to crude oil feed. 
The partially vaporised crude is fed into flash zone of the distillation tower, where the 
vapour and liquid is separated. The vapour includes all of the components that comprise 
the, while the liquid is the residue with a small amount of relatively light components in 
the range of gas oil. These components are removed from residue by steam stripping at 
the bottom of the column. In addition to the overhead condenser, there are several pump 
around along the column, where liquid are withdrawn and cooled then sent back to 
upper trays. Products are withdrawn in the liquid state from different trays and 
components and then stripped by steam inside the strippers to remove light components. 
In this dissertation, the crude distillation unit consists of several columns as shown in 
Figure 3.1, which is not the complex distillation column. Some of the columns consist 
of side strippers. Note that, there is no pump around at each of the columns and there is 
no reboiler instead steam is supplied to give the boil up to the column. 
1.3 Structure and Objective of Dissertation 
The dissertation studies an existing HEN of CDU plant, which is part of a refinery in 
one of oil refinery in Indonesia. The dissertation aim is to apply Process Integration 
Technology Analysis and bring the existing HEN of CDU to date with this technology. 
The analysis is carried out to identify possible energy saving and modifications that are 
economically attractive. Retrofit Analysis is carried with an energy saving objective. 
The Pinch Technology basic tools and methodology are reviewed in the dissertation. 
The first step of the analysis of the process, is carry out by performing data extraction of 
the crude oil distillation process where the cold and hot streams are identified. Thermal 
data of the streams and costing data are introduced into SPRINT[ 6], UMIST Process 
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Integration's software (see Section 3.1.1), where the Pinch Analysis is performed. After 
performing Pinch Analysis, the energy targets are then set. Design tools are used to 
identify inefficiency of the network. Retrofit of the network is carried out and 
suggestions of improvement are given. 
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Figure 1.1: Conventional Crude Oil 
4 
Chapter 2 Literature Review 
Chapter 2: Literature Review 
2.1 Introduction 6 
2.2 Review of Basic Pinch Technology Concepts 
2.2.1 Basic Tools Required 7 
2.2.2 Pinch Design Method 9 
2.2.3 Capital Energy Trade-Offs 9 
2.3 Retrofit 11 
2.4 Network Pinch Methodology 12 
2.4.1 Network Pinch 12 
2.4.2 Diagnosis Stage 13 
2.4.3 Optimisation Stage 14 
2.5 Heat Transfer Enhancement 14 
2.6 Path Construction for HEN Debottlenecking 14 
2.7 Summary 15 
5 
Chapter 2 Literature Review 
2.1 Introduction 
In a chemical plant design, heat exchanger network is one ofthe important aspect as 
proposed in the layer of 'onion diagram' (Figure 2.1) [Smith, 1995]. If the design need 
reactor to convert raw materials into products, thus the design will start with reactor in 
the core layer. The outer layer, it is followed by the separation of the product and 
recycle system to recycle unreacted raw materials. The reactor and separation require 
heating and cooling duties. For the heating and cooling duties we can consider heat 
recovery and the design of the heat exchanger network. Then, utility system will satisfy 





Figure 2.1: The 'onion model' of process design. 
There are several methodologies for Heat Exchanger Network (HEN) retrofit. Most of 
the methodologies based on mathematical programming approach and the applied 
thermodynamics approach. Recently to make more affective is by using both 
philosophies [Smith, 1999). 
Pinch Technology has successively used for HEN retrofit design to minimise the energy 
cost, coupled with capital cost saving in new plant designs. This technology improves 
the heat exchanger network. 
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2.2 Review of Basic Pinch Technology Concepts 
2.2.1 Basic Tools Required 
The essential tool in a Pinch Technology Analysis is a Composite Curve. Composite 
Curves of all hot and cold process streams can be constructed from a given heat and 
mass balance (Figure 2.2). The hot composite curve is above cold composite for 
feasible heat transfer. The overlap between two curves represents the maximum heat 
recovery. The open jaws of heat composite curves define the minimum utility 
requirements. The narrowest point between the curves, which is t, T min, sets a definite 
limit. At t, Tmin, which is the heat recovery 'pinch', represents a bottleneck to heat 
recovery. 
Process below 












Figure 2.2: Composite Curves for Pinch Analysis 
Composite Curves provide valuable information about minimum heat recovery, 
minimum external heating, minimum external cooling and location of heat recovery 
Pinch for a given value oft, Tmin. At the pinch, the Composite Curves are divided into 
two thermodynamically subsystems with its relevant utility. Above the pinch, the 
process acts as heat sink where the process receives heat from utility and does not reject 
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heat. The process is in heat balance with the minimum hot utility QHmin· Below the 
pinch, the process acts as heat source where it is rejected heat to cold utility and does 
not receive heat. The process is in heat balance with the minimum cold utility Qcmin· 
Hence, to achieve energy target three basic rules must be obeyed as follows: 
• No hot utility above the pinch 
• No cold utility below the pinch 
• No heat transfer across the pinch 
In addition of these rules, no individual heat exchanger should have a temperature 
difference smaller than Ll T min to ensure the target is achieved. 
Other tools required are the Grand Composite Curve and the Grid Diagram. Grand 
Composite Curve is basically a plot of shifted temperature vs. enthalpy. It shows the 
external heating and cooling requirement after heat recovery has taken place. Its give a 
clear picture for placing utilities and can select most appropriate mix of utilities before 
design. 
Grid Diagram (Figure 2.3) represents the heat exchanger network, which only shows 
heat transfer operations. To construct the diagram, hot streams must run from left to 
right whilst cold streams run from right to left. The hot streams are on the top of cold 
streams. Hot utility is represent by 8 whilst cold utility is represents by0. Two 
circles connected with a line represent the heat exchanger between streams. The pinch is 
much more clearly shown on Grid Diagram. The rules that implied on a pinch can be 
incorporated in this Grid Diagram design. 
8 




Figure 2.3: Grid Diagram 
2.2.2 Pinch Design Method 
The aim of Pinch Design Method [18] is to produce minimum utility usage with few 
capital items. This method started by recognising the pinch division, which decompose 
pinch into two, above and below pinch. The design started at the pinch, which is the 
most constraint part of the problem and are less likely to lead to difficulties. 
CP (heat capacity) rule is represented to match hot and cold streams at above and also 
below the pinch. Basically CP rule stated that, for feasible match between hot and cold 
streams, the CP of stream coming out from the pinch must be greater than CP of stream 
that entering the pinch. If this is not the case, stream splitting may be needed to ensure 
the inequality. After all the streams are matched, the balance load is distributed for hot 
or cold utility, which is depended on whether it is above or below the pinch. 
2.2.3 Capital Energy trade-offs 
Capital cost of heat exchanger network is depends largely on number of units and heat 
exchanger area. Number of shells, material of construction, equipment type and pressure 
rating are the others that contribute to capital cost of HEN. 
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Minimum number of units can be predicted by using simplified equation as below. 
Nunits=S-1 (2.1) 
Where Nunits =Number of matches or units 
S = number of stream including utilities 
If the problem has pinch, then equation (2.1) is applied on each side of the pinch 
separately [Smith, 1995]: 
N units = (S above pinch - I) + (S below pinch - I) (2.2) 
Targets for the total surface area can be determined through balanced composite curves 
that include utility streams. If heat is transfer 'vertically' in a process between 
composite curves, then the overall heat area is minimised rigorously provided U (overall 
heat-transfer coefficient) is constant throughout the entire network. For non-uniform 
heat-transfer coefficients, the vertical model is a simplification. The effect on individual 
stream film transfer coefficients can be included using the following expression. 
INTERVALS K HOT STREAMS I COLD STREAMS J 
A NETWORK = I I 
k ~T LMk ( I __9i_ h; + I __9i_ ) (2.3) h, 
Where qi = stream duty on hot stream i in enthalpy interval k 
'1i = stream duty on cold stream j in enthalpy intervals k 
h;, hj = film transfer coefficients for hot stream i and cold stream j 
(including wall and fouling resistance) 
I =total number of hot streams in enthalpy interval k 
J = total number of cold streams in enthalpy interval k 
K = total number of enthalpy intervals 
Equation (2.3) does not predict the true minimum network area when there are large 
variations in film coefficients. In this case, to achieve the minimum area, non-vertical 
matching (i.e. criss-cross transfer) is required. True minimum area can be predicted 
using linear programming [Smith, 1995]. Nevertheless, Equation (2.3) provides a useful 
estimate of capital cost for network area. It is usually accurate to within I 0% of the 
actual minimum provided the film coefficient vary by less than one order of magnitued 
[Salengwa, 1986]. Furthermore, network designs tend not to approach the true minimum 
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in practice because a minimum area design is usually too complex to be practical 
[Smith, 1995]. 
2.3 Retrofit 
Today, the most important activity in heat exchanger network synthesis is the 
retrofitting of networks, rather than grass-root design. There is a vast potential for 
energy improvement in many processes by increasing the use or level of internal heat 
exchange. Other reasons for retrofit heat exchanger network is that modifications are 
made within a process, which affect the structure of its existing network. This is base on 
Tjoe, stated that a good retrofit toward optimum design should use the existence area. 
Eliminating existence area that already being paid will require extra cost. The ideal way 
is to reduce energy and fully utilise the existence area. However, in practice, extra area 
will be needed. Due to this, some investment will necessitate for the changes. 
Retrofit is used for a project in trying to reduce energy consumption in the most 
economic way. Payback time and Investment Cost are the two typical economic 
parameters or constraint involve in retrofit. The objective is to save as much as possible 
while satisfying these economic constraints. 
Tjoe and Linnhoff [ 4] are among the first who proposed pinch retrofit design 
procedure. They introduced the concept of area efficiency, a, of HEN. To set targets for 
design, the area efficiency, a, ofthe retrofit HEN is assume equal to the existing HEN. 
Silangwa [ 15] then extended Tjoe targeting technique for cases were the area efficiency 
of the original HEN was small. While, Poley eta!. modified Tjoe targeting method by 
introducing a relationship between pressure drop and heat transfer coefficients to enable 
the area targets generated to reflect limitations in the process. 
Shokoya and Kotjabasakis [16], in HEN retrofit method, they incorporating the area 
distribution of the existing HEN into the targeting mechanism. In a different work, 
Carlsson et a!. proposed a method based on pinch technology in which the cost of 
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exchanger area, piping and auxiliary equipment, pumping and maintenance associated 
with each potential match, used to construct cost matrix. 
Van Reisen et al. [ 14] introduced method for decomposing the original HEN into a 
number of sub-networks to reduce the size of the design problem and favour the 
generation of simple retrofit designs. Then, he use pinch targeting to identifY the most 
cost-effective retrofit for screening. 
Early application of mathematical programming to retrofit problem was based on 
grassroot scenarios. Thus, the cost to modifY the existing topology was not considered. 
The above techniques do not consider the existing network. Hence, Asante [14] 
proposes a new method to overcome the limitation. It is an automatic and interactive 
procedure that introduces the network pinch concept. 
2.4 Network Pinch Methodology (Asante, 1996) 
Network Pinch Method combines pinch and programming techniques. The major 
characteristics is that it offers a systematic and automatic method for the retrofit design 
of heat exchanger networks, combined with facility for user interaction. The method 
consists of two stages; namely diagnosis stage and optimisation stage. 
2.4.1 Network Pinch 
The network pinch divides the HEN into a heat deficit sink and a heat surplus source. 
This is analogous to process pinch of Pinch Technology. 
The possible options to overcome network pinch, include relocation of existing 
exchangers (i.e. re-sequence andre-piping in HEN), addition of new exchanger and 
introduction of stream splits. 
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The difference between network pinch and process pinches is that network pinch is 
characteristics of both the process streams and HEN topology, while process pinch is a 
characteristics of process stream alone. Changes in the topology of a process HEN 
would generally affect the network pinch, but leave the process pinch unchanged. 
2.4.2 Diagnosis Stage 
Diagnosis stage is to identity and select optimal topology modifications to be made to 
original HEN and it combines the concepts of pinching matches and the network pinch 
with mathematical programming techniques. The general rule for identifYing topology 
changes is that heat must be moved from below to above the network pinch. This is 
analogous to'+/- principles' of pinch technology. Any topology change which only 
create opportunity for heat to exchange in the region below the network pinch (i.e. no 
heat move from below to above network pinch) will not increase the heat recovery limit 
(Rmax). The topology changes identifY in this stage are re-sequence, re-piping, addition, 
and stream splitting (i.e. parallel streaming) of heat exchangers. 
Re-sequencing andre-piping heat exchanger is by moving an exchanger match from 
below to above the pinch. This is happen when the heat transfer is not "vertical". The 
heat is transfer vertically when the hottest parts of the hot streams exchange with the 
hottest part of cold streams and the colder parts of hot streams exchange with the colder 
parts of cold streams. When this is not the case, the heat will exchange criss-cross. To 
eliminate or reduce criss-cross, swapping either hot or cold sides of the exchangers 
involve normally does it. The different between re-sequencing andre-piping is that, re-
sequence is by changing the location of exchanger within the same cold and hot 
streams. Re-piping is by changing the location of exchanger and changing either the hot 
or cold stream. 
Addition of heat exchanger is performed to further reducing energy consumption. Thus, 
creating new match between streams to create the heat load path, will transfer heat load 
off the utilities onto the process exchanger. 
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Stream splitting is by dividing an existing stream between two exchangers. An 
exchanger creates a bottleneck if it prevents a load from being shifted on a load path. 
An attempt made to split the stream before the offending exchanger and placing that 
exchanger in parallel with one of its neighbours, on either hot or cold side or both. Thus 
by splitting the stream in parallel will improved the load shifted and remove the 
bottleneck. 
2.4.3 Optimisation Stage 
The function of optimisation stage is to optimise the HEN topology and produce final 
retrofit design defined in diagnosis stage. The objective is to optimise heat recovery and 
exchanger area used in order to minimise the cost. However, at this stage no more 
adding, deleting or moving any exchanger units. The topology obtained from diagnosis 
stage is remains fixed. 
2.5 Heat Transfer Enhancement (Zhu at el., 2000) 
As a result of HEN retrofit, additional area are required for some heat exchanger. Heat 
Transfer Enhancement (HTE) can be applied to reduce the additional area significantly. 
This will result in capital cost and time implementation reduction for modification. To 
use the enhancement in HEN retrofit, a targeting strategy has been developed. First, is 
to determine which heat exchangers are suitable to apply HTE. Second, is to determine 
what level of enhancement is required. Lastly, is to select the best enhancement 
technique to fulfil the enhancement requirement. 
2.6 Paths Construction for HEN Debottlenecking (Varbanov and Klemes, 2000) 
The path construction for HEN debottlenecking is an extension of the Network Pinch 
methodology for heat exchanger network retrofit when a network Pinch cannot be 
identified. To generate a path, a heuristics system is used. The rules are divided into 
four groups for easier illustration. They are, general topology path-rules, retrofit-
14 
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specific heuristics, heat-exchange process heuristics, and topology modifications 
selection. 
Generally the first three groups of rules are used when the Network Pinch cannot be 
identified. The rules provide the opportunity to exploit the power of Network Pinch 
concept and framework for a more broad range of heat exchanger networks. 
The topology modifications selection obtains an ordered set topology alteration 
alternatives, and in some cases identifies a topology modifications sequence in one step, 
which may substantially simplify and speed-up the modification procedure. 
2.7 Summary 
Heat exchanger network design is a key aspect of chemical process design. Pinch 
Analysis has developed from a specialised tool for heat recovery to a broader based 
methodology for the conceptual design of process and energy systems. It targets prior to 
design. This allows the designer to scope and screen broad design strategies. The simple 
procedure keeps the designer in control. Pinch Analysis reduces trial and error in 
conceptual process design. It does so through systematic analysis based on fundamental 
principles. 
Pinch Technology was originally developed for grassroots design. Whilst, retrofit is 
developed for changes in existing HEN. Targeting in the retrofit is far more difficult 
than for grassroots design. This is due to a number of different changes can be made to 
the network in order to reduce energy consumption. The retrofit design also accounts for 
capital investment and operating cost. As a result of HEN retrofit, additional surface 
area is required for some heat exchangers. If heat transfer enhancement (HTE) is 
applied, the requirement for additional area for retrofit design can be reduced 
dramatically. 
There are cases where Network Pinch cannot be identified. When this happen, rules for 
paths construction for HENs debottlenecking can be used. It considers two important 
cases in which the classic Network Pinch methodology is directly applicable. The first is 
15 
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the case of Retrofit Initialisation when a Network Pinch cannot be identified. The 
second, is the enhancement of topology modification selection in which heat cannot be 
transferred from below to above Network Pinch. 
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3.1 Introduction 
The case study in this dissertation is crude distillation unit (CDU), which is the oldest 
and smallest refinery in Pengkalan Berandan possessed by Pertamina, Indonesia. It was 
designed for its capacity of 4500 barrels per day to process the crude oil into naphtha, 
kerosene and diesel oil. The CDU consist of four distillation columns, with preheat train 
at each of the three columns. 
In order to perform the Pinch Analysis of the heat exchanger network, all the required 
data need to be obtained. Thermal and economic data of the process are the data that 
included for Pinch Analysis. After gathering all the data, data will be extracted. The 
relevant hot and cold streams are selected. Generally, utilities are not extracted from the 
plant flowsheet. Utilities are added later using the grand composite curve. In selecting 
the utilities, close attention is required in order to not confuse with the process steam, 
which is not a utility. Piece of data of flowsheet that can change with reasonable 
balance or 'soft' data also need to be extracted. For the soft data,+/- principle is applied 
to reduce target. Lastly, targeting is used to determine cost of constraints. Note that, too 
much of data extraction will give the existing design as optimum. 
The assumption made in extracting the data is that any process cooling duty is available 
to match against any heat duty. Any process has a number of hot streams that need 
cooling and a number of cold streams that need heating. All these stream are subjected 
to a change in temperature through unit operations that is a heat exchanger. 
3.2 CDU Process Flow Description 
In this case study, Crude Distillation Unit (CDU) consists of four distillation columns 
and two side strippers. Three of the distillation columns, prior to each of the column, is 
the preheat train that heat the feed stream into the column. The fourth column is 
thermally coupled with the third column as shown in the flowsheet in Figure 3.1. 
4,083 barrel per day of mixed crude oil enters the only two of heat exchangers, process 
to process, at temperature of 30 °C. From the heat exchangers, the stream is heated 
further in the furnace before it is fed into the first naphtha splitter column at 
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temperature around 146 °C. In the column, naptha-1 is produced as the top product. The 
bottom product, leaving the column at 95 °C, is pumped and heated in the second 
furnace. The stream is then fed into denaphtha column and produced naptha-2 as top 
product. Light Kerosene Distillate (LKD) is withdrawn at the bottom product of the side 
stripper. Bottom product of the second column is pumped and bypassed two furnaces 
entering the third column, which is thermally coupled with the fourth column. Fourth 
column produces Heavy Kerosene Distillate (HKD) as the top product, Light Diesel Oil 
(LCT) as the side product, while Heavy Diesel Oil (HCT) as the bottom product leaving 
the side stripper. Lastly, the residue is separated at the bottom of the third column at 
206 °C. Through heat exchangers, heat is transferred to heat crude oil that enter the 
exchangers. 
Table 3.1 shows the amount produce for each of the product. Note that BPD is for 
barrel per day. 
Product name Amount produced (BPD) 
Naphtha I 874.30 






Table 3.1: FractiOn of product produces. 
3.3 Thermal Data Establishment 
The first step in heat integration study is gathering the data for Pinch Analysis. The data 
can be established from the plant and from simulation. From the plant, supply (Ts) and 
target (Tt) temperatures, and some of the heat capacity flowrate (CP) of hot and cold 
stream of the process can be obtained. From the simulation, the enthalpy change (~H) 
and the rest of CP for each stream are identified. In this study, the process is simulated 
using HYSYS (refer Section 3.3.1 ). 
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3.3.1 Process Simulation 
HYSYS [5] is used to simulate the whole plant and determine the heat capacity and 
enthalpy changes for streams, and hot and cold utilities respectively. It is also to obtain 
the enthalpy changes for heat exchangers. The data then is transferred into SPRINT [ 6] 
for pinch and retrofit analysis. SPRINT [6] is a program for the design, simulation and 
analysis of Heat Exchanger Networks (HENs). The input data is stored in file with the 
extension "*.NET". The main features contained within the program are simulation, 
optimisation, control, Pinch Analysis, Automated design, Network Pinch and Graphical 
user interface. 
HYSYS [5] allows predicting properties of mixtures ranging from well-defined light 
hydrocarbon system to complex oil mixtures and highly non-ideal chemical systems. 
Peng Robinson the equation of state (PR) (EOS) is best property package for oil, gas 
and petrochemical simulation. PR rigorously solves any single, two-phase or three-
phase system with high degree of efficiency and reliability, and is applicable over a 
wide range of condition. 
The information require to simulate using HYSYS is provided by the plant. The 
information includes temperature, pressure and flowrate of streams. Number of trays 
and other parameters of column are given as shown in Appendix A. 
3.3.2 Extracting Process Data 
• Two types of crude oil is mixed and heated by bypassing two heat exchangers that 
exchanges heat with residue that leaving column T -4. The stream is heated further 
in furnace F-1. This stream is one stream but segmented into three segments for 
extraction. 
• Naptha-1 is produced at 115 °C and then cooled in condenser C-1 to 41 °C. This 
stream is considered as one stream for extraction. 
• Naptha-1 is cooled further in cooler Cl-4 to a storage temperature of 35 °C. 
• Stream at the bottom column T-1 is pumped and heated in the furnace F-2 entering 
column T-2. 
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• Vapour product of column T -2 is exchanging heat with cooling water in condenser 
C-2. This stream is considered as one stream. 
• LKD is produces at the bottom of the side stripper and is cooled to 30 °C. 
• Bottom product stream is segmented into two segments. The first segment is at 
temperature of 142.5 °C after the pump into furnace F-4. Second segment is the rest 
of the stream at temperature 225.5 °C to 293.5 °C through furnace F-3. 
• Overhead product of column T -4 through a condenser C-4 from temperature 207°C 
to 62°C. 
• LCT, which is produced as side product of column T -4, is cooled by cooling water 
in cooler CL-2. 
• HCT is produced in the side stripper SS-2, and is cooled in cooler CL-3 
The summary for the extraction data is given as in Table 3.2 with the enthalpy change 
and the heat capacity of each stream. 
No Stream Name Supply Target Enthalpy CP HTC 
Temp. Temp. Change (kWfC) (kWfC.m2) 
(OC) (OC) (kW) 
1. OH_ Naptha_l 89.78 76.11 637.0 46.59839 0.28 
76.11 75.12 400.0 404.0404 0.28 
75.12 41 305.0 8.93904 0.28 
2. Naptha_l 41 35 15.64 2.606667 0.28 
3. OH_Naptha_2 131.9 90.16 1345.0 32.2233 0.28 
90.16 60 322.0 10.6764 0.28 
4. Naptha_2 60 35 59.85 2.394 0.28 
5. LKD 126.1 30 154.8 1.610822 0.14 
6. OH HKD 223.8 194.68 585.0 20.08929 0.17 
194.68 97.6 921.0 9.48702 0.17 
97.6 62 313.0 8.79213 0.17 
7. HKD 62 39 79.2 3.443478 0.17 
8. LCT 267.8 30 362.8 1.525652 0.1 
9. HCT 250.5 30 183.7 0.833107 0.28 
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10. Residue 283.2 134.3 225.61 1.515178 0.37 
134.3 45 110.92 1.242105 0.37 
11. Crude 30 39 110.92 12.32444 0.39 
39 56.75 225.61 12.71042 0.39 
56.75 146 1695 18.9916 0.39 
12. Denaptha_l 117.3 203.5 1601 18.57309 0.38 
13. Denaptha_2 176.2 225.5 406.9 8.25355 0.38 
225.5 305 1232 15.49686 0.38 
. . Table 3.2: Extracted stream data for crude ml d1slillatwn umt . 
No. Stream Supply Target HTC 
Name Temp. Temp. (kWI"C.m2) 
{"C) (OC) 
1. Flue Gas 1 1800 165 0.6 
2. Flue Gas 2 1800 175 0.6 
3. Flue Gas 3 1800 190 0.6 
4. Flue Gas 4 1800 255 0.6 
5. cw 28 39 2.5 
6. cw 28 34 2.5 
. . Table 3.2: Extracted ulihty stream data . 
3.4 Costing Data Establishment 
Economic data is important in order to obtain the design near the optimum cost of heat 
exchanger network. The economic data includes the capital cost and operating cost. The 
capital costs include the heat exchanger cost while operating costs include the cost of 
hot and cold utilities used in the process plant. Data below is included to annualise the 
costs to study the economic of the process. Data is obtained from CDU plant. 
Operating hours of plant 8424 h/y 
Plant life 2 
Interest rate 5% 
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3.4.1 Operating Costs 
There are hot and cold utilities used in the process. The hot utility is flue gas 
from fire heater. Whilst, the cold utility is water supply at temperature around 
29 °C and return at 39 °C. The cost utilities given as follows; 
Cooling water 0.04 USD/mo 
Fuel gas 4.99 USD/ GJ 
The fuel gas cost is obtained from literature [21]. While cooling water cost is 
obtained from CDU plant. 
The annualised costs are calculated as in Appendix B. The results are as below. 
Cooling water 26.64 USD I kW.y 
Fuel gas 151.33 USD/kW.y 
3.4.2 Capital Costs 
The type of heat exchanger used in this analysis is the shell and tube heat exchanger. 
The cost targeting for mixed material construction of heat exchanger networks is 
obtained from literature [Hall et a!., 1990]. The installed cost of heat exchanger is given 
as Equation 3.1. 
Heat exchanger cost = a+ b*(A)c (3.1) 
Where, 
a, b and c = cost law coefficients determined by materials of construction and 
heat exchanger type. 
A . 2 =areamm. 
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The coefficient, a, represents the fixed cost of installation which independent of area. 
While, b represents the heat exchanger cost per unit area. Three types of materials are 
assumed for the heat exchanger, which are carbon steel (CS), stainless steel (SS) and 
titanium (Ti). The carbon steel is for a low temperature heat exchanger (:QOO 0C) whilst 
stainless steel is for high temperature heat exchangers (>200 DC). Titanium heat 
exchanger is for temperature greater than I 000 De (> I 000 DC). 
The costing law used are as follow: 
Carbon Steel (CS) = 9642 + 496*(area)D 81 (3.2) 
Stainless steel (SS) = 13774 + 446*(area)D·91 (3.3) 
Titanium (Ti) = 24104 + 963*(area)093 (3.4) 
These costing laws are obtained after considering the inflation rate for year 200 I. The 
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4.1 Introduction 
The Pinch Analysis begins with extracting the data, which is includes the 
thermodynamics and economics data. The minimum allowable temperature approach 
for the process needs to be defined for the Composite Curves. This is defined by the 
economics of the process and depends on the objectives of the project, which is in this 
case is to increase energy recovery in order to reduce the energy cost. In this chapter, 
the retrofit design target is set. It is follow by designing the network to achieve the 
target. The optimum design of heat exchanger network is constrained by the existing 
heat exchanger network area. 
4.2 Existing Heat Exchanger Network 
The extracted data consists often of hot streams and three of cold streams as given in 
Table 3.2. 
This process has two process-to process heat exchangers, four hot utility units and nine 
cold utility units. All of the hot and cold utilities used fire heater and cooling water, 
respectively. The existing energy consumption of existing network is taken from the 
HYSYS [5] simulation file. Below are the details of the existing utility consumption. 
Hot utility consumption: 
• Fuel Gas : 4864.3 kW 
Cold utility consumption: 
• Cooling Water: 5674.89 kW 
The heat recovery approach temperature (HRA T) of the existing network is 172.59 °C. 
This is corresponds to the existing hot utility consumption in the composite curve. The 
big value ofHRAT is because of the plant is an old plant. Furthermore, there was no 
improvement on the heat exchanger network in terms of process heat integration has 
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been done before. Figure 4.1 shows the existing Composite Curves of CDU correspond 
to existing utility consumption. 
Summary of the existing exchangers' duty, area and temperature profile is given in 
Table 4.1, 4.2 and 4.3 for process-to-process heat exchangers and cooling water in the 
condensers and coolers respectively. 
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Figure 4.1: Composite curves at existing utility consumption correspond to its t.Tmin. 
Heat Hot stream Cold Stream Duty Area 
exchanger Temperatures Temperatures kW mz 
No. Supply Target Supply Target 
(OC) (OC) (OC) (OC) 
I 118 45 30 39 II 0.92 52.45 
2 283.2 118 39 56.75 225.61 34.38 
Table 4.1: Process-to process heat exchangers data. 
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Heat Hot stream Cold Stream Duty Area 
exchanger Temperatures Temperatures kW m2 
No. Supply Target Supply Target 
(OC) (OC) (OC) (OC) 
3cu 89.77 41 29 39 1342 193.85 
4cu 131.8 60 29 39 1667 128.34 
5cu 223.8 62 29 39 1820 154.18 
.. Table 4.2: Cold u(Jhty umt usmg coohng water as m condensers. 
Heat Hot stream Cold Stream Duty Area 
exchanger Temperatures Temperatures KW m2 
No. Supply Target Supply Target 
(OC) (OC) (OC) (OC) 
6cu 41.00 35.00 29.00 35.01 15.68 62.82 
7cu 60.00 35.00 29.00 35.00 59.68 63.18 
8cu 126.50 35.00 29.00 35.00 148.2 68.57 
9cu 62.00 35.00 29.00 35.00 1820 39.85 
!Ocu 267.80 35.00 29.00 35.00 85.33 43.45 
!leu 250.50 35.00 29.00 35.00 180.4 69.60 
.. Table 4.3: Cold u(Jhty umt usmg coohng water as m coolers. 
The minimum approach temperature taken the exchanger profile temperatures, is about 
15 °C for process-to-process heat exchangers and 7 °C for utilities units. 
4.3 Minimum Approach Temperature and Energy Targeting 
4.3.1 Total Auuualised Cost Plot 
Total armualised cost plot represents the trade off between capital and energy cost. 
Figure 4.1 and 4.2 show the plot of armualised cost versus minimum approach 
temperature for area Al-l and Al-2 respectively. Each graph shows that, as the LlTmin 
increase, the utility cost increase while the capital cost decrease. The total of these two 
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costs will give the total cost and from here is where the optimum value of Ll T can be 
obtained. The optimal Ll Tmin obtained are at 5 De (A 1-1) and I 0.3 De (A 1-2) with the 
total cost of 4.653 x I 05 USD/y and 5.167x 105 USD/y respectively. 
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Figure 4.2: Range target plot of total annualised plot (Al-l) showing the optimum and 
variation of energy and capital cost with Ll Tmin. 
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Figure 4.3: The enlargement of Figure 4.1 for the annualised total cost curve only. 
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Figure 4.4: Range target plot for total annualised cost (Al-2) showing the optimum and 
variation of energy and capital cost with ,}, Tmin. 
31 
Chapter4 Pinch Analysis Targeting 
(c)DPI UMIST V:1.5a Sprint Lic:UMIST 18 Sep 2001 15:52 
Filename : CDU_5_original.NET 




0.62E+06 \ 0.60E+06 





3.22 5.47 7.73 9.98 12.23 14.49 16.74 19.00 21.25 23.51 
DTmin [C] 




















1•: ~ .·,_ ...... ~"~_ .. ----- ------··--------·---·-·---· ·--------~:\!!)::~ :, 




"BB" , ... ~ ....... . 
15 I 14 '·-------·--· 
, . ., "" 
~~~1 
"'·" 
.,' __ , 
.,,,.,., "'-'"'" 
Figure 4.6: Grid Diagram of Heat Exchanger Network before retrofiting. 
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4.3.2 Determination of L'i Tmin for retrofit design 
Tjoe [ 4] is among the first who introduced the concept of area efficiency (a). Area 
efficiency measures the performance of the existing design compared to the targeted 
design. The aim is to fully utilising the existing area of the network. Thus, the closer the 





Figure 4.7, area energy plot, illustrates the trade off between capital and energy costs of 
heat exchanger network where from this plot area efficiency can be determined. 
Two approaches were developed base on the above equation. There are constant a and 
incremental a. The constant a methods stated that the network would use the additional 
area as efficiently as the existing network over the fully energy span. This assumption 
gives often gives good targets for networks with an existing a of 0.8 and above. While, 
incremental a assumed that any extra area installed on the network will have area 
efficiency greater than the starting value. 
In this design, the area efficiency is near to unity which is indicate that there is not many 
of criss-crossing of heat exchangers occurred in the network. This is due to small 
amount of the existing heat exchangers in the network, which is in this case only two of 
heat exchangers installed. The existing network is 634.052 m2 of area while the targeted 
area for the existing energy recovery is 604.372 m2• Thus, the area efficiency of the 
existing network is 0.95. Figure 4.8 and 4.7 show the area energy plot of heat exchanger 
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Figure 4. 7: Energy Area Plot illustrated the area efficiency. 
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Figure 4.8: Area vs. Energy plot ofCDU HEN. 
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Figure 4.9: Close up Figure 4.6 at the existing network. 
4.3.2.1 Calculation for Capital and Energy Saving 
5000 5500 
To give some insight of which L'l.Tmin approach to be used, in targeting stage, capital 
cost and energy saving need to be targeted. Badr [7] target the capital cost by averaging 
the cost laws of different types of heat exchangers. In this dissertation, there are three 
types of different material of heat exchangers are used depend on the temperature, 
which includes the carbon steel, stainless steel and titanium. These three Jaws will be 
average to obtain the investment cost. Most of the data to calculate investment and 
energy saving are obtained from SPRINT[6]. From energy saving and investment, the 
payback period can be calculated. 
In final stage of retrofitting, individual cost law of different type of heat exchanger will 
be considered. This is to allow the correct investment to be estimated. 
Capital Targeting Costing 
The investment cost, is estimated using the equation below obtained from literature [7]; 
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Investment cost = L'>N ( a + b ( L'>A I L'>N ) c ) (4.2) 
Where, 
L'>N = L'>AI average size of exchanger shells required 
L'>A =additional area required to achieve the energy recovery. 
Three laws are used for the cost of heat exchanger that accounts the variation of the 
material construction as discusses in Appendix B. The materials used are carbon steel, 
stainless steel and titanium for temperature below 200 °C, above or equal 200 °C and 
greater or equal to 1000 °C,.respectively.From the equation and the consideration of 
material of construction used as discussed above, the overall of the investment cost can 
be concluded as in equation 4.2. For targeting purposes of capital cost and average value 
is assumed. 
Investment cost= L'>N ( 15840 + 635 * (L'>A I L'>N) 088) (4.3) 
The average size of exchanger shells required is calculated with assumption as follows; 
• For the existing network, the area is calculated for a counter -current single shell 
pass, single tube pass (Al-l). To estimate the investment cost of the network, it is 
assumed that exchanger having area less than 500 m2 is 1-2 shell and tube exchanger 
with one shell and an exchangers that has area more than 500m2 is a 1-2 shell and 
tube exchanger with two shells [7]. 
• In the existing HEN, all 15 exchangers unit has area less than 500 m2 • 
• Considering all the exchangers unit: 
Total number of shells = 15 
Average area per shell = 634.052 m2 I 15 
=42.27 m2 
• Considering only process-to-process heat exchanger 
Number of shells = 2 
Average area per shell= 86.63 m2 I 2 
= 11.85 m2 
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Thus, from the calculation above the average size of exchanger shell of existing 
network approximately about 27.06 m2• 
Energy Target Costing 
The energy targeting costs are as follow; 
Hot utility cost= 151.33 USD/kW.y 
Cold utility cost= 0.85*24.22 + 0.15*44.41 
= 27.25 USD/kW.y 
Hot and cold utilities costs are calculated in Appendix B. For cold utility, 85% of 
cooling water is supplied at temperature between 28 °C to 39 °C. While the remaining 
15%, is supplied at temperature between 28 °C to 34 °C. 
Area Target 
Incremental a: 
Existing Area= 634.052 m2 
Targeted area at existing network= 604.372 m2 
Incremental Area= 1098- 634.052 = 463.95 m2 
Targeted area for the design of incremental area 
= 463.95 + 604.372 = I 068.322 m2 
Constant a: 
Extra area required= 463.95 I 0.95 = 488.37 m2 
Targeted area for the design= 488.37 + 604.372 = I 095.742 m2 
Figure 4.9 shows the Energy Saving Investment Cost plot that includes both the 
incremental and constant a. The economic criterion of the project is set at !-year 
payback period. 
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AT min Hot Utility Cold Utility 1-1 Area A Area AN Investment Energy [•q [kW] [kW] Target[m2] [m'] [$] Saving[$/y] 
1.0 1721 2532 3281 2646.95 97.82 2680941.23 561319.34 
2.0 1758 2568 2535 1900.95 70.25 1925360.78 554739.13 
3.0 1794 2605 2156 1521.95 56.25 1541493.50 548283.00 
4.0 1830 2641 1915 1280.95 47.34 1297398.48 541854.12 
5.0 1866 2677 1744 1109.95 41.02 1124202.42 535425.24 
6.0 1903 2713 1613 978.95 36.18 991520.07 528845.03 
7.0 1939 2750 1510 875.95 32.37 887197.30 522388.90 
8.0 1975 2786 1424 789.95 29.19 800092.85 515960.02 
9.0 2012 2822 1353 718.95 26.57 728181.04 509379.81 
10.0 2036 2847 1310 675.95 24.98 684628.81 505066.64 
11.0 2054 2864 1282 647.95 23.95 656269.22 501879.45 
12.0 2071 2882 1256 621.95 22.98 629935.32 498816.34 
13.0 2089 2899 1232 597.95 22.10 605627.10 495629.15 
14.0 2106 2917 1209 574.95 21.25 582331.73 492566.04 
15.0 2124 2934 1188 553.95 20.47 561062.04 489378.85 
16.0 2141 2952 1168 533.95 19.73 540805.19 486315.74 
17.0 2158 2969 1149 514.95 19.03 521561.18 483279.88 
18.0 2176 2986 1131 496.95 18.37 503330.02 480092.69 
19.0 2193 3004 1114 479.95 17.74 486111.70 477029.58 
20.0 2211 3021 1098 463.95 17.15 469906.22 473842.39 
21.0 2228 3039 1082 447.95 16.55 453700.74 470779.28 
22.0 2246 3056 1068 433.95 16.04 439520.95 467592.09 
23.0 2263 3074 1054 419.95 15.52 425341.15 464528.98 
24.0 2280 3091 1041 406.95 15.04 412174.20 461493.12 
25.0 2298 3108 1029 394.95 14.60 400020.09 458305.93 
26.0 2315 3126 1017 382.95 14.15 387865.98 455242.82 
27.0 2333 3143 1005 370.95 13.71 375711.87 452055.63 
28.0 2350 3161 994.1 360.05 13.31 364671.89 448992.52 
29.0 2367 3178 983.5 349.45 12.91 353935.76 445956.66 
30.0 2385 3195 973.4 339.35 12.54 343706.05 442769.47 
31.0 2402 3213 963.7 329.65 12.18 333881.48 439706.36 
32.0 2420 3230 954.4 320.35 11.84 324462.05 436519.17 
33.0 2437 3248 945.4 311.35 11.51 315346.46 433456.06 
34.0 2455 3265 936.8 302.75 11.19 306636.02 430268.87 
35.0 2472 3283 928.4 294.35 10.88 298128.14 427205.76 
36.0 2489 3300 920.4 286.35 10.58 290025.40 424169.90 
37.0 2507 3317 912.7 278.65 10.30 282226.52 420982.71 
38.0 2524 3335 905.2 271.15 10.02 274630.20 417919.60 
39.0 2542 3352 898 263.95 9.75 267337.73 414732.41 
40.0 2559 3370 891.1 257.05 9.50 260349.12 411669.30 
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LlTmin Hot Utility Cold Utility 1-1 Area !!. Area !!.N Investment Energy Payback 
["CJ [kW] [kW] Target[m2] [m'] [$] Saving[$/y] Time [y] 
1.0 1721 2532 3281 2786.26 102.97 2822043.40 561319.34 5.03 
2.0 1758 2568 2535 2001.00 73.95 2026695.56 554739.13 3.65 
3.0 1794 2605 2156 1602.05 59.21 1622624.74 548283.00 2.96 
4.0 1830 2641 1915 1348.37 49.83 1365682.61 541854.12 2.52 
5.0 1866 2677 1744 1168.37 43.18 1183370.97 535425.24 2.21 
6.0 1903 2713 1613 1030.47 38.08 1043705.33 528845.03 1.97 
7.0 1939 2750 1510 922.05 34.08 933891.89 522388.90 1.79 
8.0 1975 2786 1424 831.52 30.73 842203.00 515960.02 1.63 
9.0 2012 2822 1353 756.79 27.97 766506.35 509379.81 1.50 
10.0 2036 2847 1310 711.52 26.30 720661.91 505066.64 1.43 
11.0 2054 2864 1282 682.05 25.21 690809.71 501879.45 1.38 
12.0 2071 2882 1256 654.68 24.19 663089.81 498816.34 1.33 
13.0 2089 2899 1232 629.42 23.26 637502.21 495629.15 1.29 
14.0 2106 2917 1209 605.21 22.37 612980.77 492566.04 1.24 
15.0 2124 2934 1188 583.10 21.55 590591.62 489378.85 1.21 
16.0 2141 2952 1168 562.05 20.77 569268.62 486315.74 1.17 
17.0 2158 2969 1149 542.05 20.03 549011.77 483279.88 1.14 
18.0 2176 2986 1131 523.10 19.33 529821.07 480092.69 1.10 
19.0 2193 3004 1114 505.21 18.67 511696.52 477029.58 1.07 
20.0 2211 3021 1098 488.37 18.05 494638.12 473842.39 1.04 
21.0 2228 3039 1082 471.52 17.43 477579.73 470779.28 1.01 
22.0 2246 3056 1068 456.79 16.88 462653.63 467592.09 0.99 
23.0 2263 3074 1054 442.05 16.34 447727.53 464528.98 0.96 
24.0 2280 3091 1041 428.37 15.83 433867.58 461493.12 0.94 
25.0 2298 3108 1029 415.73 15.36 421073.78 458305.93 0.92 
26.0 2315 3126 1017 403.10 14.90 408279.98 455242.82 0.90 
27.0 2333 3143 1005 390.47 14.43 395486.18 452055.63 0.87 
28.0 2350 3161 994.1 379.00 14.01 383865.15 448992.52 0.85 
29.0 2367 3178 983.5 367.84 13.59 372563.96 445956.66 0.84 
30.0 2385 3195 973.4 357.21 13.20 361795.84 442769.47 0.82 
31.0 2402 3213 963.7 347.00 12.82 351454.19 439706.36 0.80 
32.0 2420 3230 954.4 337.21 12.46 341539.00 436519.17 0.78 
33.0 2437 3248 945.4 327.73 12.11 331943.65 433456.06 0.77 
34.0 2455 3265 936.8 318.68 11.78 322774.76 430268.87 0.75 
35.0 2472 3283 928.4 309.84 11.45 313819.10 427205.76 0.73 
36.0 2489 3300 920.4 301.42 11.14 305289.90 424169.90 0.72 
37.0 2507 3317 912.7 293.31 10.84 297080.54 420982.71 0.71 
38.0 2524 3335 905.2 285.42 10.55 289084.42 417919.60 0.69 
39.0 2542 3352 898 277.84 10.27 281408.14 414732.41 0.68 
40.0 2559 3370 891.1 270.58 10.00 274051.71 411669.30 0.67 
Table 4.5: Data used to construct Energy Investment Curve for constant area effic~ency. 
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Figure 4.10: Energy Saving Investment Cost Plot that include both incremental and constant area efficiency together with economic payback 
time of the project. 
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4.4 Analysis of Existing Network 
In the CDU plant, the existing design has only two process-to-process of heat 
exchangers in the network. Only heat exchanger that connected between hot stream 
HIO and cold stream Cll, transfer heat across the pinch as shown in Figure 4.10. Old 
cold utility heat exchangers are above the pinch, while hot utility heat exchangers are 
below the pinch. This obey the basic rules of Pinch Technology as discussed in section 
2.2.1. 







}-------11 C II 
Figure 4.11: Process to process heat exchanger unit that transfer heat across the pinch 
above to below the pinch in the existing design. 
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5.1 Introduction to Network Pinch Method 
Network Pinch Method is used to design network. The understanding that the pinch is 
the most constrained part of the problem is carefully used to design a good design. The 
design begins at the pinch and directed away from it. Diagnosis stage will overcome the 
network pinch by shifting the heat flow from below to above pinch. Modifications 
include re-sequencing, re-piping and adding new heat exchangers. When the network 
pinch is coincided with process pinch, stream splitting will be implemented. The 
process is automated by SPRINT [6]. Beneficial modification will be given by SPRINT 
[6]. From the modifications, one will select the appropriate design. 
5.2 Diagnosis Stage 
The purpose of diagnosis is to identify design option that overcomes the network pinch. 
The minimum approach temperature needs to be set to carry out the Network Pinch 
method. SPRINT [6] will include I 0 °C value by default for Pinch Network. For this 
study the minimum approach of 20 °C and 10 °C, determined from area efficiency 
method in targeting procedure, are specified for the retrofit design. The objective design 
in the diagnosis stage is set for minimum energy consumption. The search of 
modification is automated and in SPRINT [6]. The modifications should include re-
sequencing, re-piping and adding new heat exchangers. 
For this study, there is no beneficial option generated from re-sequencing andre-piping 
heat exchanger. This is due to the small number of heat exchanger installed, which is in 
this problem only two heat exchangers exist in the network. The search continued with 
adding new heat exchangers only at two 6. T min approach, which are at 20 °C and 10 °C. 
Options A and B were design at 6.Tmin approach 20 °C, while the rest are at 6.Tmin 10 °C. 
The best few design options are developed which are taken to the optimiser and 
compared. 
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Design Option A: 
At 20 °C, the search generated eight beneficial options. The first gives 19.27%, which 
is the most energy saving, is selected. The match is between stream H3 and C II. The 
second heat exchanger is added, which recover heat between stream HI and Cll, which 
is the same cold stream as the first match. This match will save another 6.1% of the heat 
load available. Third heat exchanger is added that matched streams H6 to C 12. This 
match will recover another 18.18% of heat load. The last heat exchanger added, that 
recover heat between streams H8 and Cl3, gives 1.5% energy saving. At this stage, the 
search is stopped. The total of heat exchanger added in this design option is four. Table 
5.1 and Figure 5.1 show the result of option A. 
Design Option B: 
Design option B is generated at !J. Tmin 20 °C the same as design option A. From eight 
beneficial options generated, option two is selected, which gives 12.03% of energy 
saving. This unit is added between streams H6 and Cll. Second heat exchanger is 
added that match between streams C8 and Hl2. This gives energy saving of2.8%. Only 
two of new heat exchangers are added for this design. The search design is stop. 
Design Option C: 
At !J. Tmin I 0 °C, only five beneficial options were generated. From these five, the first 
option, which gives 12.03% energy saving, was selected. The match is between streams 
C6 and Hll. Second heat exchanger is added between streams C8 and H12, gives 
energy saving of2.83%. 
Design Option D: 
From five beneficial options generated for adding new heat exchanger, the fifth option 
was selected. This option gives 0.68% of energy saving. It is added between streams C6 
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and H12. Then, heat exchanger 17 is added between streams H3 and C11. This will save 
18.27% of energy. Heat exchanger 18 is added between streams H1 and C11, which 
give energy saving of 6.13%. Lastly, heat exchanger 19 that recover heat between 
streams H6 and C12 at 18.44% of energy saving. The search is terminate at this stage. 
5.3 Optimisation of Retrofit Design 
In the diagnosis stage, the modification carried out for the network design is only the 
addition of new unit of heat exchanger. There is no re-sequencing andre-piping for the 
network as well as no splitting is identified in the network. The optimisation is using 
non-linear model. Since there is no stream splitting is identified in diagnosis stage, the 
optimisation is performed for heat duty only. The stream splitting will change the 
stream flow rate, hence will require modification in pumps, valves and piping which 
will add to the investroent costs. 
The summarisation of the optimised design are given below with the main data such as 
hot utility consumption and the cost, new area required and the amount of saving for 
each design. 
Design Option A 
The optimised design option A, gives the following data: 
• Hot utility consumption: 2733.13 kW 
• Hot utility cost: 413605 $/y 
• New area required: 635.948 m2 
• 2131.17 kW of energy saving giving the total savings of 375,628 $/y and requiring 
total investment of 192,987$. Thus, the payback period is 0.51 year. 
Complete information of the optimised retrofit design is given in Table 5.1 and the grid 
diagram is represent in Figure 5 .1. 
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Design Option B 
The optimised design option B gives the following data: 
• Hot utility consumption: 2969.30 kW 
• Hot utility cost: 449344 $/y 
• New area required: 398.983 m2 
• 1895 kW of energy saving giving the total savings of336,705 $/y and requiring total 
investment of 159,167 $.The payback period for this design is 0.47 year. 
The complete information of the optimised retrofit design is given in Table 5.2 and the 
grid diagram is represent in Figure 5.2. 
Design Option C: 
The optimised design option C gives the following data: 
• Hot utility consumption: 3031.55 kW 
• Hot utility cost: 458,765 $/y 
• New area required: 374.068 m2 
• 1832.75 kW of energy saving giving the total savings of 324,520 $/y and requiring 
total investment of 151,928 $.The payback period for this design is 0.47 year. 
The complete information ofthe optimised retrofit design is given in Table 5.3 and the 
grid diagram is represent in Figure 5.2. 
Design Option D: 
The optimised design option D gives the following data: 
• Hot utility consumption: 2740.44 kW 
• Hot utility cost: 4 I 4, 711 $/y 
• New area required: 661.564 m2 
• 2123.86 kW of energy saving giving the total savings of 373,656 $/y and requiring 
total investment of 195,544 $.The payback period for this design is 0.52 year. 
The complete information of the optimised retrofit design is given in Table 5.4 and the 
grid diagram is represent in Figure 5.3. 
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5.4 Evaluation and Analysis of Results 
Two of the designs are generated at l>Tmin 20 °C and the other two are designed at 
!> Tmin 10 °C. In choosing the design modification, decisions were made base on the 
maximum energy saving and at the same time having the lowest utility costs. 
The design option A has the similarity to design option D while design option B is the 
same as design option C. Design A and D had four new heat exchangers added to the 
network while design option B and C had two heat exchangers added to them. Design A 
and B is analysed at !> Tmin 20 °C whilst design C and D is analysed at !> Tmin I 0 °C. 
The similarity between designs is due to the linear optimisation that only provides a 
single optimum. Hence, this single optimum gives the similar results from any point of 
approach. 
The existing process-to-process heat exchangers remain in the network without reducing 
or increasing the heat load. For some designs, some of the hot utility unit become zero. 
All designs give payback period less than 1 year, which are economically feasible. The 
energy saving for each design is more than 30%. Table 5.5 shows the comparisons 
between existing design and design options after retrofitting. 
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Optimised Design Option A 
Hot Uty : 2733.13 
Cold Uty: 3543.72 
Units 19 




Hot Uty Cost : 413605. 
Cold Uty Cost: 101406. 
Utility Cost : 515011. 





Total Network Cost : 618800. [$/y] 
Capital Annualisation Factor : 0.53 78 
Total area : 1147.53 [m2] 
Process area: 649.202 [m2J 
Utility area : 498.327 [ m ] 
Retrofit Information: 
Existing Energy 
Hot Uty : 4864.30 
Cold Uty: 5674.89 
Energy differences 






Hot Uty Cost : 73 6115. [$/y] 
Cold Uty Cost : 154524. [$/y] 
Hot Uty Saving : 322509. [$/y] 
Cold Uty Saving: 53118.4 [$/y] 
Total Savings : 375628. [$/y] 
Total Investment: 192987. [$] 
Payback (y) : 0.513771 [y] 
Total 
Installed area : 963.090 
Installed area used :511.580 
New area required : 635.948 
ExchNo. Area 
[m2] 
1 Used 14.3597 
1 Exist 52.4500 
2 Used 9.33731 
2 Exist 34.3800 
3cu Used 121.886 
3cu Exist 193.850 
4cu Used 10.4764 
4cu Exist 62.8200 
5cu Used 58.9708 
5cu Exist 128.340 
6cu Used 17.1672 
Process Utility 
86.8300 876.260 [m2] 
23.6970 487.883 [m2] 
625.505 10.4432 [m2] 
1-2 Sh. Duty Cap. Cost 
[N] [kW] [$/y] 
0 105.158 0.000 
0 0.000 0.000 
0 247.642 0.000 
0 0.000 0.000 
0 1041.59 0.000 
0 0.000 0.000 
0 15.6800 0.000 
0 0.000 0.000 
0 795.101 0.000 
0 0.000 0.000 
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6cu Exist 69.6000 0 0.000 0.000 
7cu Used 34.2S87 0 148.200 0.000 6S8l.S6 
7cu Exist 68.S700 0 0.000 0.000 
8cu Used 99.468S 0 93S.S12 0.000 226S8.1 
8cu Exist IS4.180 0 0.000 0.000 
9cu Exist 39.8SOO 0 8S.3266 0.000 3789.Sl 
!Ocu Added 10.4432 0 9.81943 943S.87 12S33.8 
lOcu Exist 43.4SOO 0 272.409 0.000 
lieu Used 30.9419 0 180.400 0.000 801l.S6 
lieu Exist 69.6000 0 0.000 0.000 
12hu Used S.96903 0 S22.693 0.000 79099.2 
12hu Exist IS.OOOO 0 0.000 0.000 
13hu Used 8.48472 0 643.Sl2 0.000 97382.7 
13hu Exist 13.0000 0 0.000 0.000 
14hu Used 4.74796 0 347.114 0.000 S2S28.8 
14hu Exist s.ooooo 0 0.000 0.000 
!Shu Used 12.2121 0 1219.81 0.000 184S9S 
!Shu Exist 13.0000 0 0.000 0.000 
16 3Sl.2S9 0 871.899 3S9Sl.l 
17 94.8273 0 300.407 1S837.3 
18 163.993 0 884.488 32264.8 
19 1S.42S6 0 74.3713 10300.1 
----------------------------------------------------------------------------------------------------
19 1147.S3 0 103789 SlSOll 
----------------------------------------------------------------------------------------------------
Table 5.1: Retrofit network cost report of optimised design option A obtained from 
SPRINT [6]. 
Optimised Design Option B 
Hot Uty : 2969.30 [kW] 
Cold Uty: 3779.89 [kW] 
Units 17 [N] 
Hot Uty Cost : 449344. [$/y] 
Cold Uty Cost: 104S89. [$/y] 
Utility Cost : SS3934. [$/y] 
Area : 91S.710 [m2] Area Cost : 8S600.9 [$/y] 
Total Network Cost : 639S3S. [$/y] 
Capital Annualisation Factor: O.S378 
Total area : 91S.710 [m2] 
Process area: 417.816 [m2] 





Hot Uty : 4864.30 
Cold Uty : 5674.89 
Energy differences 
Hot Uty : 1895.00 
Cold Uty : 1895.00 
Total Savings 










Installed area 963.090 
Installed area used : 516.727 
New area required : 398.983 
Exch No. Area 
[m2] 
Retrofit Design Using Network Pinch Method 
Hot Uty Cost : 736115. [$/y] 
Cold Uty Cost : 154524. [$/y] 
Hot Uty Saving : 286770. 











4.86403 [ m2] 
[$/y] 
[$/y] 
1-2 Sh. Duty Cap. Cost 




1 Used 14.3897 0 105.610 0.000 
1 Exist 52.4500 0 0.000 0.000 
2 Used 9.30731 0 247.190 0.000 
2 Exist 34.3800 0 0.000 0.000 
3cu Used 146.973 0 1342.00 0.000 32503.2 
3cu Exist 193.850 0 0.000 0.000 
4cu Used 10.4764 0 15.6800 0.000 696.349 
4cu Exist 62.8200 0 0.000 0.000 
5cu Used 103.232 0 1667.00 0.000 40374.7 
5cu Exist 128.340 0 0.000 0.000 
6cu Used 17.1673 0 59.6800 0.000 2650.39 
6cu Exist 69.6000 0 0.000 0.000 
7cu Used 34.2587 0 148.200 0.000 6581.56 
7cu Exist 68.5700 0 0.000 0.000 
8cu Used 23.4695 0 125.000 0.000 3027.50 
8cu Exist 154.180 0 0.000 0.000 
9cu Added 3.52918 0 3.46214 5926.35 3789.51 
9cu Exist 39.8500 0 81.8679 0.000 
lOcu Added 1.33486 0 0.935878 7719.69 6954.61 
lOcu Exist 43.4500 0 155.664 0.000 
!leu Used 30.9419 0 180.400 0.000 8011.56 
!leu Exist 69.6000 0 0.000 0.000 
12hu Exist 15.0000 0 0.000 0.000 0.000 
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13hu Used 11.3709 0 1328.00 0.000 200966 
13hu Exist 13.0000 0 0.000 0.000 
14hu Used 4.S8732 0 409.300 0.000 61939.4 
14hu Exist s.ooooo 0 0.000 0.000 
!Shu Used 12.2530 0 1232.00 0.000 186439 
!Shu Exist 13.0000 0 0.000 0.000 
16 347.642 0 169S.OO 566SS.9 
17 46.4773 0 200.000 15299.0 
17 915.710 0 8S600.9 SS3934 
Table 5.2: Retrofit network cost report of optimised design option B obtained from 
SPRINT [6]. 
Optimised Design Option C 
HotUty : 3031.5S [kW] Hot Uty Cost : 45876S. [$/y] 
Cold Uty : 3842.14 [kW) Cold Uty Cost : 1073S4. [$/y] 
Units 17 [NJ Utility Cost : S66119. [$/y] 
Area : 891.096 [m2] Area Cost : 81707.6 [$/y] 
Total Network Cost : 647827. [$/y] 
Capital Armualisation Factor : O.S378 
Total area : 891.096 [m2) 
Process area: 390.S46 [mz] 
Utility area: SOO.SSO [m2) 
Retrofit Information 
Existing Energy 
Hot Uty : 4864.30 [kW] Hot Uty Cost : 736115. [$/y) 
Cold Uty : 5674.89 [kW] Cold Uty Cost: 154S24. [$/y] 
Energy differences 
Hot Uty : 1832.75 [kW] Hot Uty Saving : 277350. [$/y) 
Cold Uty: 1832.75 [kW] Cold Uty Saving: 47170.3 [$/y) 
Total Savings : 324520. [$/y] 
Total Investment: 151928. [$) 
Payback (y) : 0.468162 [y] 
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Total Process Utility 
Installed area 963.090 86.8300 876.260 [mz] 
Installed area used : 517.028 23.6970 493.331 [m2] 
New area required 374.068 366.849 7.21927 [mz] 
Exch No. Area 1-2 Sh. Duty Cap. Cost Uty. Cost 
[m2] [N] [kW] [$/y] [$/y] 
---------------------------------------------------------------------------------------------
1 Used 21.2489 0 261.243 0.000 
1 Exist 52.4500 0 0.000 0.000 
2 Used 2.44811 0 91.5565 0.000 
2 Exist 34.3800 0 0.000 0.000 
3cu Used 146.973 0 1342.00 0.000 32503.2 
3cu Exist 193.850 0 0.000 0.000 
4cu Used 10.4764 0 15.6800 0.000 696.349 
4cu Exist 62.8200 0 0.000 0.000 
5cu Used 103.232 0 1667.00 0.000 40374.7 
5cu Exist 128.340 0 0.000 0.000 
6cu Used 17.1672 0 59.6800 0.000 2650.39 
6cu Exist 69.6000 0 0.000 0.000 
7cu Used 34.2587 0 148.200 0.000 6581.56 
7cu Exist 68.5700 0 0.000 0.000 
8cu Used 23.4695 0 125.000 0.000 3027.50 
8cu Exist 154.180 0 0.000 0.000 
9cu Added 0.676803 0 0.635831 5379.95 3789.51 
9cu Exist 39.8500 0 84.6942 0.000 
10cu Added 6.54246 0 5.40507 8732.93 9719.25 
lOcu Exist 43.4500 0 213.448 0.000 
llcu Used 30.9419 0 180.400 0.000 8011.56 
llcu Exist 69.6000 0 0.000 0.000 
12hu Exist 15.0000 0 0.000 0.000 0.000 
13hu Used 11.6718 0 1390.25 0.000 210387. 
13hu Exist 13.0000 0 0.000 0.000 
14hu Used 4.58732 0 409.300 0.000 61939.4 
14hu Exist 5.00000 0 0.000 0.000 
15hu Used 12.2530 0 1232.00 0.000 186439. 
15hu Exist 13.0000 0 0.000 0.000 
16 347.642 0 1695.00 56655.9 
17 19.2074 0 137.747 10938.9 
----------------------------------------------------------------------------------------------------
17 891.096 0 81707.6 566119. 
----------------------------------------------------------------------------------------------------
Table 5.3: Retrofit network cost report of optimised design option C obtained from 
SPRINT [6]. 
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Hot Uty : 2740.44 
Cold Uty: 3551.03 
Units 19 





Optimised Design Option D 
HotUtyCost : 414711. 
Cold Uty Cost : 102272. 
Utility Cost : 516983. 





Total Network Cost : 622148. [$/y] 
Capital Annualisation Factor: 0.5378 
Total area : 1171.69 
Process area: 673.140 
Utility area : 498.553 
Retrofit Information 
Existing Energy 
Hot Uty : 4864.30 
Cold Uty: 5674.89 
[kW] 
[kW] 
Hot Uty Cost : 736115. 




Hot Uty : 2123.86 
Cold Uty : 2123.86 
[kW] 
[kW] 
Hot Uty Saving: 321404. 
Cold Uty Saving: 52251.9 
Total Savings : 373656. [$/y] 
Total Investment : 195544. [$] 
Payback (yr) : 0.523327 [y] 
Total 
Installed area 963.090 
Installed area used : 510.129 











ExchNo. Area 1-2 Sh. Duty Cap. Cost Uty. Cost 
[mz] [N] [kW] [$/y] [$/y] 
-----------------------------------------------------------------------------------------
I Used 14.3612 0 105.181 0.000 
I Exist 52.4500 0 0.000 0.000 
2 Used 9.33581 0 247.619 0.000 
2 Exist 34.3800 0 0.000 0.000 
3cu Used 122.319 0 1043.91 0.000 25283.5 
3cu Exist 193.850 0 0.000 0.000 
4cu Used 10.4764 0 15.6800 0.000 696.349 
4cu Exist 62.8200 0 0.000 0.000 
5cu Used 58.0175 0 778.252 0.000 18849.3 
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Scu Exist 128.340 0 0.000 0.000 
6cu Used 17.1672 0 S9.6800 0.000 26S0.39 
6cu Exist 69.6000 0 0.000 0.000 
7cu Used 34.2S87 0 148.200 0.000 6S81.56 
7cu Exist 68.S700 0 0.000 0.000 
8cu Used 98.7686 0 923.193 0.000 223S9.7 
8cu Exist IS4.180 0 0.000 0.000 
9cu Exist 39.8SOO 0 8S.3286 0.000 3789.Sl 
!Ocu Added 12.1210 0 12.0800 9730.3S 140S0.6 
!Ocu Exist 43.4SOO 0 304.303 0.000 
!leu Used 30.9419 0 180.400 0.000 8011.56 
!leu Exist 69.6000 0 0.000 0.000 
12hu Used S.83433 0 S08.162 0.000 76900.2 
12hu Exist 1S.OOOO 0 0.000 0.000 
13hu Used 8.S06!4 0 631.193 0.000 9SS18.4 
13hu Exist 13.0000 0 0.000 0.000 
14hu Used 4.61830 0 377.6S4 0.000 S71S0.4 
14hu Exist s.ooooo 0 0.000 0.000 
!Shu Used 12.2241 0 1223.43 0.000 18Sl42 
!Shu Exist 13.0000 0 0.000 0.000 
16 6.70736 0 40.2168 8763.29 
17 380.031 0 888.748 37976.9 
18 93.6071 0 298.090 IS726.1 
19 169.098 0 896.807 32967.9 
---------------------------------------------------------------------------------------
19 1171.69 0 IOS16S. Sl6983. 
---------------------------------------------------------------------------------------
Table 5.4: Retrofit network cost report of optimised design option D obtained from 
SPRINT [6]. 
Design llTmin Utility Cost Area llA No. of Payback 
(OC) ($/y) m2 m2 units time 
Existing 172.S9 890639 634.0S2 15 
Option A 20 515011 1147.53 513.478 19 0.513771 
OptionB 20 553934 915.710 281.658 17 0.472720 
Option C 10 566119 891.096 257.908 17 0.468162 
OptionD 10 516983 1171.69 537.638 19 0.523327 
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Figure 5.1: Grid Diagram of optimised design options A. 
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Chapter 6 Discussion and Conclusion 
6.1 Discussions and Conclusion 
Crude Distillation Unit (CDU) is studied in this dissertation. The CDU is important in 
oil refinery process in converting the crude oil into Naphtha, Kerosene and Automotive 
Oil. The plant has ten of hot streams and three cold streams. There are 15 of heat 
exchangers, which only two of the heat exchangers are process-to process heat 
exchangers, and the rest are the utilities. Utilities used in the process includes, fuel gas 
to provide hot utility and cooling water to provide the cold utility to the process. 
The objective of this study is to obtain maximum energy recovery in order to reduce the 
cost of utility used. To achieve the objective, Pinch Technology is used. Pinch 
Technology is based on the thermodynamics principles, which sets absolute limit on the 
process. Initially, data of the process need to be established. This is done by setting up 
the plant's simulation in any simulation software. Data for simulation can be obtained 
from the plant itself. From the simulation, data can be extracted, which defines the 
heating and cooling requirement of the process. Some of the streams need to be 
segmented to allow variation in heat capacity. From the extracted thermodynamics data, 
composite curves can be constructed. Composite curves give energy target and the 
scope of heat recovery. Economic data, which include the utilities costs and capital 
cost, need to be set up to carry out the pinch analysis. All the costs need to be 
annualised. 
The heat exchanger costs as well as the energy costs were taken from literature. The 
inflation rate was already included in the costs. For targeting, the average of cost laws 
for types of heat exchanger is used. For retrofitting, individual of cost law is used 
depend on the temperature of heat exchangers to obtain the correct exchanger costs. 
Energy costs are calculated using utility costs. Since only fuel gas is available to supply 
hot utility while cold water is the only cold utility, thus, the same utility costs are used 
for targeted and retrofitted stages. 
The Composite Curves shown in Figure 4.1 gives L1 Tmin 172.59 °C, which is 
corresponded to the existing of utility consumption. 4864.28 kW of hot utility and 
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5674.87136 kW of cold utility are consumed in the existing network. For targeting, 
incremental area efficiency is used, which is the incremental area efficiency is 0.95. For 
retrofit design, two of 11 Tmin approach are considered, which are at 20 °C and I 0 °C. 
Retrofit design obtained at 20 °C has the similarity in design obtained at I 0 °C. There 
are only two existing process-to-process heat exchangers in the network. Only one of 
the heat exchangers transfers heat across the pinch. The hot utility is supplied above the 
pinch and cold utility supplied below the pinch and no violation of pinch occurred to 
utility units. 
Retrofitting gives four design options which results give more than 30% of energy 
saving. From these designs, the minimum unit added are two and the maximum units 
added are four, which give more than 30 % saving. Targeted stage target maximum 
payback period of 2 years. Whilst, retrofitting give 6 months of payback period. There 
is no re-sequencing andre-piping involved in the retrofit design. 
From four design options, design option B is selected because it is give the shortest 
payback period and the least additional area required among all of the modifications. 
This design eliminate the use of hot utility and the heat required is gained from other hot 
stream in the network that transfers through additional process-to-process of heat 
exchanger. The suggested design gives total savings of 336,705 $/y with total 
investment of 159,167 $.The modification only required two additional heat 
exchangers, which result of additional area of281.658m2• The design has energy saving 
of 1.895 MW, which gives about 39% of energy saving. Alternative modification can be 
seen in Chapter 5 of this dissertation. 
6.2 Recommendation and Suggestion for Further Work 
• Investigate the impact on operational, control and safety constraints in 
implementing the suggested modification of the network. 
• Consider piping costs to be included in the total costs. 
• Consider pressure drop in streams to investigate the impact on pump in the 
process. 
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• Further work in column performance by considering pump-around to some of 
the columns. 
• Further work in integration of column by considering the pinch analysis to scope 
and screen benefit for overall process. 
• Heat transfer enhancement technique analysis can be used to reduce the 
additional area required. 
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Appendix A 
CDU Process Simulation Data 
HYSYS is used to simulate the actual process. Peng-Robinson equation of state (PR-
EOS) was use as the property package for the process that uses oil. Methane, ethane, 
propane, i-butane, n-butane, i-pentane, n-pentane and water are selected as components. 
The crude oil assay data, which is supplied by the plant, is used to characterise the oil to 
represent the process. Crude I and crude 2 were feed into the process, which are crude 
from North Sumatera and Pulau Susu. Three steps are required in characterising the oil: 
1. Define the Assay 
2. Create the Blend 
3. Install Oil in Flowsheet 
Oil Characterisation 
The following parameters are given from plant for the crude distillation process. 
Assay data 
• Data type: TBP 
Barometric pressure 101.3 kPa 
• Light end: ignored 
i.e. no light end analysis 
• Boiling temperature: Extrapolation Ia graand 
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Assay name: Raw crude 1 








Table A.l: Assay data for raw crude 01! 1 (NS Crude) 
Assay name: Raw crude 2 








Table A.2: Assay data for raw crude ml2 (P.Susu Cude) 
Important Features of Simulation 
• The property package as define above. The simulation is done column by column 
except for column T -3 and T -4 is assumed as one column since not enough data is 
available. Most of the temperature and pressure are known. The mass flowrate and 
composition of effluents are given by the plant. Product stream include Naptha-1, 
Naptha-2, Light Kerosene Distillate(LKD), Heavy Kerosene Distillate (LKD), 
Automotive Diesel Oil Light (LCT) and Heavy (HCT), and residue. 
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• There is no pump around at each column. 
• Steam is used in the side stripper and for all columns. 
• The simulation file stream data is given at end of the appendix. Column parameters 
are given in the Table A.2. 
Column Name Number of Top tray pressure Bottom tray 
trays (kPa) pressure (kPa) 
Naptha splitter (Tl) 17 33.8963 139.573 
Denaptha (T2) 15 29.9085 35.08902 
(T3) 6 15.9512 11.9634 
(T4) 17 5.9817 15.9512 
Stripper SS-1 4 39.878 
Stripper SS-2 5 29.9085 
Table A.2: Parameter of columns m the CDU process. 
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Utilities Cost Calculation 
Appendix B 
Costs and Economic Data 
= 2 years 
= 8424 hr/y 
= 5% 
The hot and cold utilities cost given by the plant as follow: 
• Coo long water cost = Rp 363/m3 
• Fuel gas cost = 4.99USD/ GJ 
Calculations 
Conversion factors : 
1 kcal = 4.1868 kJ 
Energy consumption = 1170.32 Btu I 1 cuft of fuel gas 
I USD = Rp. 9,825.00 
1. Annualised Cooling Water Cost 
Cost of cold water per kg= Rp. 363/m3 * 1 USD/ Rp. 9,825.00 * 1m3/ 1000 kg 
= 3.69 X 10 -5 USD/kg 
Specific heat Duty , q = Cp * 11 T 
Assume cooling water is supplied at 28°C and return at 34°C. 
Specific heat duty of water 4.2 kJ I kg °C * (34-28)°C 
= 25.2 kJ /kg 
Operating hours of plant = 8424 hr I y 
Annual cost of cold water = 3.69 x 10-5 USD/kg * 8424 hr I y * 3600 s I hr * 
kg I 25.2 kJ 
44.41 USD I kW.y 
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Note : Cp = Specific Heat Capacity flow rate 
b. T =Temperature difference 
2. Flue Gas Cost 
Flue gas cost = 4.99USD I GJ* 1 GJ I 106 kJ * 8424 hi y * 3600 s I h 
= 151.33 USD/kW.y 
69 
Heat Exchanger Costs Laws 
Installed cost of heat exchanger data= a+ b*(area)' 
Reference of heat exchangers is obtained from Taal (200 I), quoted the prices on year 
1986 of mixed shell/tube material as follows; 
Carbon Steel (CS) = 7000 + 360*(area)080 
Stainless Steel (SS) = 10000 + 324*(area)0 91 
Titanium (Ti) = 17500 + 699*(area)093 
The material use, are base on the temperature limit where carbon steel is for low 
temperature ( :s:;200°C) and stainless steel for high temperature (> 200°C) heat 
exchangers, whilst titanium is for temperature greater than I 000°C. Other consideration 
is considered to calculate the new equation of installed heat exchangers. 
• All heat exchanger costs assumed for shell/tube type. 
• Inflation is considered for calculation. 
• The currency used for these costing law is the USD 
• Three types of material considered, which are carbon steel, stainless steel and 
titanium. 
• The area must in m2. 
The Farrar Cost Index number for year 1986 was 524.7, whilst on March 2001 the 
index increase to 722.7. [Nelson Farrar Cost Indexes, July 2001]. 
C2oo1 = I 2001 = 722.7 = 1.377 
c1986 I 1986 524.7 
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Therefore the installed heat exchanger costs are estimated at : 
Carbon steel (CS) = 9642 + 496*(area)081 
Stainless steel (SS) = 13774 + 446*(area)091 
Titanium (Ti) = 24104 + 963*(area)093 
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